To understand sources of variability in the eastern equatorial Pacific, a region integral to modulating global temperatures, the waters upwelling from the Equatorial Undercurrent (EUC) are characterized. Past work is updated using temperature and salinity measurements from the Argo array and current measurements from Tropical Atmosphere Ocean (TAO) buoys. A larger hemispheric asymmetry is found in the water mass contribution through the ventilated thermocline to the EUC than previously reported, with 80%-90% of waters in the western Pacific originating from the Southern Hemisphere. South Pacific subtropical waters are the dominant source feeding the EUC, although in the central equatorial Pacific upper layers of the EUC experience freshening due to the addition of North Pacific waters. Anomalous volume transport, advection of anomalous waters, and shifts in hemispheric contributions contribute to variability in the EUC. These results suggest that variability in the EUC caused by anomalies in the South Pacific ventilated thermocline can explain variability in the eastern equatorial Pacific.
Introduction
The upper thermocline of the tropical Pacific is a crossroads of waters from both hemispheres. In the western equatorial Pacific, subsurface waters feed into the Equatorial Undercurrent (EUC), which transports the waters eastward until they upwell off the coast of Peru. These upwelling waters set the state of the eastern equatorial Pacific, a region critical to modulating global surface temperatures (Kosaka and Xie 2013) . A warm eastern Pacific is tied to higher temperatures around the world, and the reverse is the case for a cold eastern Pacific. Variability in the composition and quantity of waters transported by the EUC can alter the state of the eastern Pacific. Understanding the circulation pathways in the tropical Pacific is integral to forecasting the state of the eastern equatorial Pacific and its impact on global surface temperatures.
Initial studies characterized the composition of EUC waters using geochemical properties as tracers from ship transects and defining different water mass regions by average chemical compositions (Toole et al. 1988; Tsuchiya et al. 1989) . Assuming negligible diapycnal mixing, these studies quantified the contribution of each region to EUC transport by requiring the mass-weighted geochemical flux to explain the EUC composition. The results suggested a 2:1 contribution of Southern to Northern Hemisphere waters (Tsuchiya et al. 1989 ). However, this method was sensitive to the location used to define the different water regions, did not trace subsurface waters to their origin at the surface, and could not capture the dynamical variability of the system.
Later studies identified a subtropical origin of waters entering the tropical Pacific through subtropical cells (STCs). The theory of ventilated thermocline transport provided a simplified analytical framework to explain the STCs' circulation pathway, positing that waters subducted in the subtropics propagate along isopycnals to the equatorial Pacific, feeding into the EUC and upwelling in the eastern Pacific (Luyten et al. 1983; Pedlosky 1987; McCreary and Lu 1994) . Chemical tracers supported this circulation pathway (Broecker et al. 1985 (Broecker et al. , 1995 Druffel 1987; Fine et al. 1987) . Additional work by Johnson and McPhaden (1999) sought to refine and quantify different transport pathways of the STCs using CTD data over a 33-yr period to create a climatology. This work noted a direct route between the subtropics and equator in the Southern Hemisphere, and affirmed the dominance of southern source waters in EUC transport found by Tsuchiya et al. (1989) . General circulation models also support the dominance of the southern STCs (Izumo et al. 2002; Rodgers et al. 2003; Fukumori et al. 2004; Goodman et al. 2005; Grenier et al. 2011; Qin et al. 2015) .
Both changes in the transport profile or volume and the advection of salinity compensated temperature anomalies within the ventilated thermocline could cause variability within the EUC and eastern equatorial Pacific (Kleeman et al. 1999; Gu and Philander 1997) . Evidence for coherent propagation of temperature anomalies has remained elusive (Schneider et al. 1999a,b; Hazeleger et al. 2001; Kolodziejczyk and Gaillard 2012) . Observational studies have supported decadal variability in transport volume, with decreased transport toward the end of the twentieth century corresponding to increasing temperatures in the Niño-3.4 region Zhang 2002, 2004; Zhang and McPhaden 2006) . These results are consistent with subtropical regulation of the eastern equatorial Pacific.
Here, we use data with better temporal and spatial resolution than in past studies to gain further observational insight into EUC source waters and variability. In the past, limited observations have restricted analyses of transport pathways. We combine temperature and salinity data from the Argo array with equatorial currents from the Tropical Atmosphere Ocean (TAO) array to provide a more complete picture of the climatology and variability of water properties throughout the tropical Pacific. We use these data to reexamine ventilated thermocline transport of subtropical waters to the tropics, and the hemispheric asymmetry of contributions to the EUC.
Data and methods
We combine data from the Roemmich-Gilson Argo climatology (Roemmich and Gilson 2009, 2017) with the TAO array (TAO Project Office 2000). The Argo climatology contains temperature and salinity, which we use to calculate potential density anomaly s u (kg m 23 ).
Data from the TAO array's acoustic Doppler current profilers (ADCPs) provide subsurface velocity profiles on monthly time scales for five longitudinal locations (1478E, 1658E, 1708W, 1408W, and 1108W). We use these data over the time period of the Argo climatology to calculate the climatological depth of the EUC. As some of the ADCP data are missing, we first calculate the monthly climatology of zonal current with depth at each longitudinal location before combining these into an annual average. We define the upper and lower bounds of the EUC to be the depths bounding 90% of the subsurface eastward transport. In conjunction with the Argo data, these bounds are used to define velocityweighted (and thus transport volume weighted) averages of EUC properties. Bounds and velocity-weighted properties are not specified for the profile along 1478E, as the EUC extends deeper than the ADCP data. Following the method used in Tsuchiya et al. (1989) , we quantify the relative abundance of Northern and Southern Hemisphere waters feeding into the EUC. We define the properties of the subtropical source waters as the climatological average over the water column in the westward, equatorward portion of the subducting zones (308-258S, 1608-1108W and 308-358N, 1608E-1608W) (Rodgers et al. 2003) . Along each isopycnal, the waters at the equator are defined by the fraction of southern subtropical waters required to explain the salinity signal. The fraction of Southern Hemisphere waters is taken as the ratio of the difference between the equatorial and the southern subtropical salinities to the difference between the northern and southern subtropical salinities. Many different regions could be chosen to define profiles for Northern and Southern Hemisphere waters, which could impact the fraction of Southern Hemisphere waters. We have explored this possibility and have found that neither expanding the region nor shifting the region zonally and poleward substantially impacts the results. Moving the defining region equatorward does change the hemispheric properties and fraction of Southern Hemisphere waters, but such a shift moves the region outside of the subduction zone.
To assess the variability of the EUC, we also examine the subsurface properties during an El Niño and La Niña. We use December of 2009 and 2010 respectively, as these are the times during the Argo observing period with the largest El Niño indices that also have ADCP measurements from at least three of the five equatorial buoys. As with the EUC climatology, we examine the relative abundance from the Northern and Southern Hemispheres along isopycnals. When defining the subducted water properties, we do not consider variability in these regions but rather use the average climatology.
Results
Figure 1 shows zonal cross sections of salinity and potential density in the North and South Pacific. Along a given isopycnal, colder, fresher waters characterize the North Pacific, while warmer, saltier waters compose the South Pacific. In both hemispheres, high salinity regions at the surface in the subtropics subduct and extend westward and equatorward within the ventilated thermocline between 24s u and 26s u . Although there are many pathways water parcels can follow from the tropics to the subtropics, this westward and equatorward extension roughly follows the trajectory particles subducted in the subtropics take to the tropics (Lee et al. 2002) . As the salinity high in the South Pacific extends to 5.58S, it conserves its magnitude but decreases in thickness as the isopycnal surfaces are compressed together. In contrast, the salinity high in the North Pacific largely dissipates by 5.58N. Figure 2 shows the salinity evolution along the path of ventilated thermocline transport from the subtropics to the western Pacific. The transport path is an approximation of particle trajectories between the subtropics and tropics seen in modeling studies (Lee et al. 2002; Thomas and Fedorov 2017) . Relative to the surrounding waters, the salinity maximum within the ventilated thermocline is greater in the South Pacific. Although the maximum is damped as the equator is approached in both hemispheres, the salinity gradient across the ventilated thermocline is nearly gone in the north but a distinct salinity maximum remains in the south. As the equatorial Pacific is approached, the salinity high in the northern branch of the ventilated thermocline is shallower and thinner than that in the southern branch; the northern salinity high is confined between 24s u and 25s u , while the southern high extends to 26s u .
Along the equator, Fig. 3 depicts the evolution of waters as they travel from depth in the western Pacific toward the surface in the east and Table 1 gives the velocity-weighted average EUC properties. The waters in the west feeding the EUC come from just below the salinity high, at a potential density around 26s u . As the waters shoal and are swept toward 1708W, the salinity increases and potential density decreases to 25s u . Farther eastward, the salinity is diluted and potential density increases again. This dilution corresponds to an increase in the mass flux within the EUC between 1708 and 1408W, suggesting the addition of lower salinity waters. Over the same region, the relative contribution of Southern Hemisphere waters drops. The contribution of source waters is highly stratified with depth, with the top portion of the EUC displaying a larger portion of northern source waters, while the deeper portion is nearly exclusively fed by the Southern Hemisphere. Figure 4 explores the variability of EUC transport, providing a snapshot of hemispheric contribution and transport strength during El Niño and La Niña. During the El Niño event, the stratification of the southern contribution with depth remains nearly constant across the EUC. A greater portion of the EUC transport is composed of light, upper-layer waters. In contrast, during La Niña, the upper bound of the EUC remains near 24s u and the transport is shifted to deeper layers composed mainly of Southern Hemisphere waters. The stratification of the hemispheric contribution with depth is enhanced, with the upper layers exhibiting more freshening during La Niña. Neutral conditions in the eastern equatorial Pacific are roughly an average of the two extremes. Additional monthly snapshots of EUC variability can be found in the supplemental material.
Discussion
The hydrography of the ventilated thermocline highlights the complicated transport pathway between the subtropics and tropics with mixing and dilution occurring throughout. Particularly in the North Pacific, the subducted salinity high is dissipated as it propagates toward the western equatorial Pacific. Consistent with modeling conclusions (Rodgers et al. 2000) , the weaker density stratification in the North Pacific suggests that greater diapycnal mixing in this hemisphere contributes to the larger dissipation of the subducted salinity high.
The signal evolution along the ventilated thermocline path requires careful interpretation of the hemispheric contribution metric. The metric treats the ventilated thermocline as a pipe along isopycnals and ignores dilution, which can lead to unphysical values. For instance, at depth the southern contribution exceeds 1. Although this highlights the dominance of southern waters with mixing occurring along and across isopycnals, it also raises the possibility of additional water sources or waters from depth contributing high salinity waters. Using different locations to define the characteristics of northern and southern source waters will result in different hemispheric contributions along the equator, but this does not change the overall picture. By defining the source waters within the subducting region, the metric becomes a measure of the strength of the hemispheric subtropical signals that coherently reach the equator.
A strong asymmetry exists between northern and southern subtropical waters within the EUC, both across the basin and with depth. A freshening occurs in the central Pacific that aligns with an increase in flux of the EUC. This suggests that the evolution is due to the addition of North Pacific waters as opposed to just mixing and entrainment. As the TAO array only captures the equatorial transect, it is possible that the EUC as a whole does not undergo this evolution. If the latitudinal location of the EUC's core varies as it traverses the basin, part of the signal would come from sampling the center of the current at some buoys while measuring the edge of the current at others. However, Fine et al. (1987) noted a similar increase in tritium, a tracer of North Pacific subtropical waters, in the central Pacific EUC affirming the view of along path addition of North Pacific waters. This freshening is restricted to the upper layers of the EUC, enhancing the stratification of hemispheric contribution with depth. As the upper levels will upwell first, the central equatorial Pacific should reflect more Northern Hemisphere influence than the eastern equatorial Pacific.
Past studies have pointed toward both the intertropical convergence zone (ITCZ) and the Indonesian Throughflow (ITF) as an explanation for the dominance of South Pacific source waters in the EUC. The upwelling induced by the ITCZ creates a potential vorticity barrier in the North Pacific, forcing waters in the ventilated thermocline to take a serpentine route and inhibiting flow (Lu and McCreary 1995; Johnson and McPhaden 1999) . Furthermore, the ITF drains waters from the North Pacific ventilated thermocline into the Indian Ocean, reducing the flux of Northern Hemisphere subtropical waters to the western Pacific. Previous studies have shown how the strength of the ITF contributes to the relative contribution of northern and southern waters in the EUC, with the hemispheric asymmetry scaling with ITF flux (Rodgers et al. 1999; Lee et al. 2002) . The ITCZ and ITF, however, cannot explain why additional northern waters are incorporated into the EUC in the central Pacific or why the hemispheric contribution is stratified with depth. Northern Hemisphere water freshening in the interior could be due to the asymmetry in surface Ekman flux in the central Pacific that favors transport into the Northern Hemisphere (Johnson et al. 2001) , driving more subsurface convergence from the Northern Hemisphere into the EUC. Alternatively, the presence of tropical cells mixing low salinity, off-equatorial, surface water into the subsurface could also explain the freshening. The stratification of hemispheric contribution with depth could arise from the asymmetry between the North and South Subsurface Countercurrents (NSCC and SSCC, respectively). The NSCC extends to lighter isopycnal levels and is stronger than the SSCC, placing a greater restriction on interior transport from the Northern Hemisphere into the EUC (Johnson et al. 2002) .
Variability in water composition during ENSO events arises from both circulation anomalies and advection of waters with anomalous properties. During the 2009 El Niño, the hemispheric contribution shifts toward northern source waters as a result of a change in transport favoring the upper layers of the EUC. In contrast, during La Niña, the stratification of hemispheric contributions is enhanced and transport shifts to deeper layers. Both the addition of colder, northern waters in the upper layers as well as greater transport at depth cools the EUC. By shifting the EUC water composition, this variability could also impact the nutrient transport, biogeochemistry, and productivity in the eastern equatorial Pacific.
Similar mechanisms of variability should explain changes in EUC transport on longer time scales; however, the dominance of South Pacific waters feeding the EUC suggests that the southern branch of the ventilated thermocline should display greater control over variations. A number of modeling studies have affirmed a southern source of variability to the EUC and eastern equatorial Pacific (Giese et al. 2002; Farneti et al. 2014; Thomas and Fedorov 2017) ; however, the mechanism of variability remains contested. In agreement with observations Zhang 2002, 2004) , Farneti et al. (2014) suggested that variability of volume transport in the southern STC explained variability in the equatorial circulation. This contrasts the view of the ventilated thermocline from Gu and Philander's (1997) analytical model, which relies on transport of temperature anomalies. Past observational studies were unable to find evidence of anomaly transport (Schneider et al. 1999a,b; Hazeleger et al. 2001) that temperature anomaly transport from the South Pacific could explain the equatorial variability (Giese et al. 2002; Thomas and Fedorov 2017) . Although the question remains of whether anomalous transport or transport of temperature anomalies drive variability, the dominance of southern waters in the EUC suggests that the South Pacific rather than the North Pacific could hold evidence for influencing longer time scale EUC variability.
Conclusions
Using data from both the Argo float array and TAO/ TRITON buoys we conduct an observational analysis of EUC source waters. Affirming past studies, we find that the South Pacific is the dominant source of subtropical waters that feed into the EUC, although addition of northern waters freshens the upper layers in the central Pacific. This large hemispheric asymmetry in the equatorial ventilated thermocline is likely due to a combination of greater diapycnal mixing in the North Pacific, the presence of the ITCZ and ITF, and the asymmetry in Ekman transport. Interannual variability in EUC transport arises from anomalous advection, shifts in the hemispheric contribution, and advection of anomalies. The dominance of the South Pacific subtropical waters feeding the EUC suggests that to understand the variability in the eastern equatorial Pacific it is necessary to look to the variability and anomalous transport of waters along the ventilated thermocline in the Southern Hemisphere.
